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I
I

A reasonab ly  complete account of the process by which

humans are able to ident i fy  complex aud i to ry  or visual

stimuli must address two issues:  ( 1 )  the nature of the

psycholog ica l  represen ta t ion  of complex stimul i , and (2) the

nature of the dec is ion processes  that act upon the internal

representa t ions to yield an ident i f i ca t ion  response.  While

there has been substant ia l  research d i rec ted  at the

representat ion and dec is ion processes sepa ra te l y ,  t h e r e  h a s

been much less e f fo r t  ~4 i rec ted  towards  understanding the

J in tegrat ion of these processes  in complex —st imulus

ident i f icat ion. Our major  concern in this paper is wi th  the

re lat ionship between the perceptual  representa t ion  of

complex stimuli and ident i f icat ion per formance.  The

question is , given spec i f ic  assumpt ions about the structure

of the perceptual space , how well can we account for the

pattern of responses observed in an identi f icat ion task?

Our approach to the problem involves two par ts :  ( 1)  the

der ivat ion of a multidimensional perceptual space for a set

of complex stimuli from the appl icat ion of a

mult idimensional scal ing (MDS ) procedure to jud gments of

stimulus s imi lar i ty ,  and (2 )  the use of a probabil ist ic

4 
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I
d e c i s i o n  m o d e l  to predict the matrix of identific a tio n

I confusi ons from t h e  g e - m e t r i c  s t r u c t u r e  of t h e  d e r i v e d

I p e r c e p t u a l  s p a c e .  We are in terest ed in the v a l i d a t i o n  of

t h e  ~‘PS p ro c e d u r e  t h a t  w o u l d  be su p p l i e d  by  a d e m o n s t  ra t  i on

I that the M~ S— de r i ve d  p e r c e p t u a l  s p a c e  ca n he used to p r e d i c t

be h a v io r  ir an i nd e p e n de n t  t a s k . And  we are i n t e r e s t ed  in

I the po s s i b i l i ty  t ha t  the MP~ p roced u re  can be a s ubst  ant ia l

J 
a i d  ~n u nd e r s t a n d i n g , and p r e d i c t  ing b e h a v io r  ~n , the

fundamen ta l  t a s k  of st imulus i- lent i f i c at  i on .

We d i scuss  f i r s t  the ra t  i ona le  for , and a s s u m p t i o n s

made in , i n f e r r i n g  a p s yc h o lo g i c a l  s p a c e  usi ng MDf

t e c h n i q u e s ,  Then  in t h e  next s e c t i o n  we d e s c r i b e  o u r

1 dec  i sian model  for p r e d i c t  ing ident ~~~ cat ion confusions.

I The M u l t i d i m e n s i o n a l  P e r c e p t u a l  Space

I M u c h  of the work  on the  r e p r e s e n t a t i o n  of complex

I auditory or visual Stimuli suggest s t h a t  p e r c e p t  i-o n i s  based

on an an alysis c-f the patterns along a number of

I psychological dimensions or  features.

information—processing models , this processing is often

I referred to as “feature extraction ” a n d  is thought to

reflect a selective reduct i-on of in format ion whereby

I perceptuall y important features a r e  extr a cted from the

pattern while other information is lost. .

1 -

I 
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We may conceive of these dimensions as forming a

multidimensional perceptual space in which each stimulus is

represented as a point. This space , of cours e , is not

directly observable. Both the set of dimensions comprising

the space , and the loci of the stimuli within the space ,

must be inferred by indirect methods. Extensive development

in recent years has led to the emergence of multidimensional

scaling as an important method for deriving a representation

of the perceptual space (e.g., Shepard , Ner love , an d Romne y ,

1972 ; Romney, Shepard , and Nerlove , 1972). MDS procedures

are designed to decompose a matrix of pair—wise similarity

judgments on a set of complex stimuli into a metric space of

some (investigator—specified ) number of orthogonal

dimensions. Each stimulus is defined as a point in the

space such that , ideally, the distances between pairs of

stimuli in the space are monotonical ly related (inversely)

to the degrees of’ judged similarity of the pairs.

The set of abstracted dimensions , and the relative loci

of the stimuli within the space , may be interpreted to

reflect the structure of’ the psychological space. This

interpretation involves several assumptions. Most MDS

procedures assume that the measure of the underlying

psychological space is a member of the family of power

3
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met r ic s . ( 1 ft i s f’ am i I y I ne 1 udes t. he F’ue 1 Id I an and

c i t  y — h I  ack  me t r i c $ • ‘Ph e powe r met r’ i cs c a r r y  w i t  h t hem t hree

import ant. pro pe rt  I en : ( I deco mpu sab ii it. y , (2

tn t erd imens i anal add it iv it y , and ( i i t t r ad imens I an a l

subt rat ’ t i v  i t y I’v prsky and Krant , 1 (l ’ li ) . Ileco mpo sab ii it y

means s impi y t hat. t he d i st. an - ct’ bet. ween any t WO pa in t  s i Ii t he

s p ac e  i s  .1 fun-c t ion at’  d i m e n s i o n — w i s e  cont  r it )ut i ons .

In t er’d i mer is  ian ;~ I add it i v it y assert . 5 t hat d I st an-ce j s a

t’rinc t ion o t’ t he sum o f ’ t he d i!nCn 5~~ o n — w i  s e con t r I hut j o i i s

In  t r ad imens I onal sub t r io t iv i t  y a s s e r t  s t- hat ea c h

1 im ens io n—wi so con t r- I but ion I s I he ab sol ut e v al ue a t’ t he

d i f ft ’ r’ en -ce bet we en t he t wo pa in t  s on t hat  d j mens  ion . An

t nt . u it iv e i rnpI  i c a t  t o r i  o f ’  t hose p ra p e r t  i es  I s I hit  , f or a

g i v en pa i r of ’ st im ri I i , t t o  con t r lb ut I ott t o  d I st ant’t’ made by

he v al uc s of’ t he t w o st i mu I I on one ii imen sb n i S

I nde pe nde ’nt a t ’ t h e  v ,il r ies  on ii 1 ot he r  d i me n s i o n s .

Hay i ng oh I a i nod an ab st  r a c t  mu It i d imen 5 l anaI  sal u t ion

a it t nv t’S I I g i t  oi’ IIi IV i t t  e mpt  t 0 r’ e 1 at o t he der ’  iv ed

ff1~~~~~ r metric s ire t h e  cla ss of metr i cs such t h a t -  t he
d i st in~’ e hot we en t he paint  s x ~ X 1 
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. c am p I t ’ \
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’ t ’ ‘h as ’ tiuid a o . ,‘ . , P1 amp a mid ft t ’ T t i t t ’ ken , 1 ‘)n’) ; N t 1 1 ‘l
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‘
~ 
; N - g an , W ood t r e r 1  , - ii d W e t ’  at t ’ t ’  , 1 0 -

.

Ho w a r  ~I a rid ft 1 \ ci - iii - i i i  , 1’) ‘ I- ‘ w i t ’  d , 1’)~
’ ‘ and ~‘ omit p i t ’ \

v I a I I I  pa t  I o,’ i is t_ 0 c • , ft ci i  s o r t  , 1 ‘)r ~ fli t ’ p 11’ d in d t h  t t ’ l rran

1 ‘ 1’ ;~ tt , rt ~ I -
. t u s k  led t’ rs ’ lit ’l i i , I ’ )’ ’ ; Pi- ,’ht ’I l , r ,i ri~I fomrr t ’ i a

I ‘I •
‘ . lii I li t a c 0 n t  ~ n i t ’ , ’ ,’ ; li , r a ii a t i _ i  i 1 v tnt ’ ,iii t I tt _ t i  t li t ’

d t ’i I v o l  ririti I i~I tmt ’ tta I o n t i 1 ; p a s ’ t ’ i~’s ’s ’ uu t t  f o r — 1 1 ,Ii~~~t ’

pi-~’por’ t ion o f  I t ic  l u - l I t’  i i  I v  in  I lit ’ ‘; t i n t i , i , ’ i t  v uti5igmeni t

ari d t h i t  lit ’ u c ~ c i i  t ’ i  i - l e n t  i t  \ a I’ I lit ’ pay ’ ho 1 ogi ~~~

1 I men a 1 on S a t n t  iii t 1 \ 0 ‘, c i  non rh I t ’

W t ’ a t i g g  t ’a I her c I tu , i I mt ’t ’ I i i i  c t ’ i t  l i t ’ r o r -  hot ti a 1’ 1 lit ’ a

~‘r i t  t’r I 1 ,ta t ’ a not  pr o v I do a t  ron g o i~ t er ic e I 0 an p por t I l~ ’

\ .il id it v a I I lit ’ ,Iet i v  t ’ t  t t ’ p u * ’ s t ’ r i t  i t  t o r i . Wh it 1S , j t ’~ ; I t ,it’ i t ’

a a d cm -it  at r i t  t on t h i t  t lit ’ pet ’ o pt u i  I a pac t ’ d or ’ I v~’ d It ow
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s im i la r i t y  jud gments in one task can then be used to pred ic t

behavior  in some other , independent t a sk . Our present

exper iments  pray ide an examp le  of one such test , in that we

use the MDS — d e t ’ i v e d  space to pred Ict per formance in var ious

Ident i f i ca t ion t a s k s .

The Iden t i f i ca t i on  Model

We present  here a dec i s ion  model intended to predic t

the confusion m a t r i x  for a set of m s t imul i  in an
- ‘ i den t i f i ca t i on  task , on the bas is  of a mul t id imensional

perceptua l  spa c e .  In the s imp les t  case , the perceptua l

space is that  revea led  by app l ic a t i on  of an MPS procedure to

judgments of s i m i l a r i t y ,  and we sh a l l  conf ine  our

presenta t ion  in t h i s  s e c t i o n  t o  t h a t  case. We note for

la ter  re fe rence  t h a t  the d e c i s i o n  model can accept

add i t iona l  d imensions , as sugg es ted  by other ev idence .

We take as our s t a r t i n g  point  the set of  spa t ia l

coord ina tes , for eac h o f  m s t imu l i , s~ ( 1  < i K m) , on

each of n d imensions , ‘1k ( I < k ~ n ’l , as pray ided by the

MPS procedure.  Though the model can be used w i th  art y MP S

procedure that. y i e l d s  such a set of spa t ia l  coord ina tes , the

d a t a  analyses presented i n  t h i s  pape r ’  a r e  based  on t h e

I N f l S C A L  p r o c e d u re  (C ar r o ’i 1 and Chang, 1 ‘170 ; Car ro l l  ,

Carro l l  and Wish , IQ7~~I. TN DS C A1 assumes that the  jud ged

_____________________________ - - - — - ‘S 
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I
similarity between any pair of stimuli Is a (decreasing )

I linear function of the Euclidean interstimu lus distance in

I 
the underlying perceptual space. INDSCA L differs from most .

other MDS procedures in that it yields not only the spatial

I conf igurat ion of the set of m stimuli in the n—di mensional

“group stimulus space ,” but also a vector of weights for

I each observer that reflects the relative importance or
-
‘ 

I 
salience of each dimension for that observer . The effect of

these salience weights for a given observer Is to weight

I 
differentially the contribution of each dimension in

determining Inter stimu lus distance. Specifically, the

I distance between stimulus Si and stimulus S,~ for air

observer with salience weights Wk (1 < k K n) is given by

I
1 /2

I [ w~ (I~~~ - ~~~k ) 2]  ( 1)

I Our model wi ll also assume the weighted Euclidean

distance metric given in Equation (1). We will not assume ,

I however , that the particular set of salience weights

I 
determined for each observer by INDSCAL in the similarity—

judgment task necessarily applies to the identif ication

J tasks. In fact , we will show later that , within observers ,

the set of salience weights changes in predict able ways

J across different conditions of the Identification task .

Accordingly, the salience weights for each observer are

7
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re at ed In t he mode’ 1 as par amet er s whose v a 1 ue s 5ire t a he

e3t i m a t e d  from the confusion slat a. We’ assum e fur ther’  that

the sa t  ient ’e w e i g h t s  ,ire ,rI I p o s i t  ly e  (w k ‘ 0)  and sum t-a

1 ( 
~ 

W k 
1 . The I at t er can sI r a I nt i s s impl y t normal I ~

‘ I ng

convent  ton wh i t ’ Ii r e f  1 eel s the fa t ’ t t hat on I y the r el at iv  e
-I

m,rgn It uctes of  the w e ight s ,, r ’ e mean i rig t’u I  i n  t h e  madel

H r v  ing def ines i  t h e ’ set at ’  int e rs t  imulus d i s t a n c e s

P~ , t h e  ne x t  step i s  to ret ate the se’ d 1st ances  t o

t n t  e’t st I mu h i s  carl fu s ,ih t i it y tnt  t he Id en I i f I cat ion t. ask . On

t n t  ni t  Iv e grounds , c an f t i  a rb ii it y a haul d he some mar10 t O t t  I’

dec r e as i ng  fu r ict  tan  a t ’ I nt t ’ rst  imul us ~1 i st m oe .  We det ’ ine a

set of co n f u s i o n  we i ght a C
1 , . i  as t irn i ng t hat con f usab ii i t  y

be tween  st i m u l  us in~I I s g i v e n  by

‘ 

~ , ,~ 

ex p (  — a P  
~ 

, 
( ‘I

where a is a s e ns i t  iv  it y p a n ’ a m e t o r  , g r e a t e r  t ha n  0. As .i

dec re a se s  t o w a r d s  0 , ov e r’ — ,rl I s t i m u l u s  co nfusahi l  i t y

Inc r ea s e s ;  is a be com es 1 argo , aver ’— ,iI 1 ca nfusa b ii It y

decreases.

Sev eral  co nsoquent t ’os a t’  this t’el , i t  i o n  ,ire worth

n o t  I ng : ( 1 ) wit h hat h a ar rd P 
, 

hound e~i bet ow by 0 , 
~~~~ ,

Is  bounded be tween  I) and 1 ; ( . ‘ s in ce  P~ is  a d is t  , rmr ~’e

and t here fo re  C
~ 

C 
~ 

; and ( ‘I

ii
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sinc e 0 for all 1 , C11 1 for all 1. The choice of

I this particular function , from sever a l con s id ered , was

dictated by its clear superiority in accounting for our

I confusion data In prel iminary analyses. It is the same

assumption used successfully by Shepard (1957 , 1 958a , 1958b)

In his work on stimulus and response generalization .

Finally, the conditional probability of giving the

I res ponse ass ig ne d to stim u l u s  S
1 

when stimulus S1 was

presented is assumed to be the confusab ility of S
i 

with S1

I relative to the summed confu sablilty of all stimuli with S
~~
:

Pr (R~~lS . ) _ I,si 
. (3)

- 1 ~
Equation (3) is essentially Luce ’s choice model (1963) , with

I the added assumption that there are no differential response

I 
biases . While it would be a simple matter to includ e

measures of response bias in the model , we have chosen to

I exclude them here for reasons of simplicity (fewer

parameters to estimat e ) and because we have no reason to

I ex pect strong response bi ases. In our tasks, the  a pr ior i

presentation probabilities (known to the observers) were

I equal across st imu li , the response set was hom ogeneous , and

there were no differential payoffs .

I
9 
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We are also i m p l i c i t l y  asserting In Equation H)

that the set of’ responses assigned to s timu l i are

sufficiently distinguishable that response confusions are

negligible , and they are therefore not incorporated into the

model .

It Is r e l a t i v e l y c o m m o n  i n  identification tasks to

find asymmetr ies  in the confusion matrix about the main

diagonal; that is , It is often true that

Pr (R j IS 1
) � Pr (R 1 1 S 1

). One well—known source of this

asymmetry Is response bias. Of Interest here is the

observation that there is a second possible source of

confusion asymmet r ies , one which a r i ses  from the dec is ion

rule i t se l f .  This can most e a s i l y  be seen In an example ,

shown in FIg. 1 , in which three stimul i are embedded in a

two—dimension al  space.  As drawn ,

1 , ,~ 
~ ~~~~~~

, 
~ 

~ , ~ 
0 ( fo r  all i)

and therefore

C 1 ~ < C 1 -~ ~ C .~ ~ < 1 (for  all il .

Calculating Pr(R 1 I S - ,) and Pr(R .,~ S 1 ), we find

Pr (R 
~ 

~
_
~~1 

= 
0 1

C _ + C , , + ~~~~ , 1 + c + ~~~~~ -
- .1 , , ,  -, I

10
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I
I
I

I

I i 
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

DIMENSION 1

I
J Figur e 1 . Example of a stimulus configuration for which an

asymmetric confusion matrix would be obtained
(see text).

]
]
I
I
1 

11
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I and

C , 
I
~

’

1

Pr(R~~ S 1~ 
1 1.. = ________________

C +~~ + - 1 + L  ., + t
1 -I 1 ,1 1 ,. 1 , -s 1 ,.

I Sin c e  C 1 ‘. C . ~~, we may conclude that

I 
Pr (R~~IS 1~ Pr(R 1 j S~ ), t h u s  demons t ra t i ng  a s y m m e t r y  in the

conf usion m a t r i x  about the  main  d iagona l .

I From this exa mple , we cart  see t hat the con fus ion

I 
asymmetry  be tween  t w o  s t imu l i  S~ a n d  S 1 a r i s e s  because t he

two response probabilities P r ( R
1~~
S1~ and P r ( Rd  S 1~ ar e

I determined by the m a g n i t u d e  of the shared confusion wei ght

C 11 , relative to a sum of c o n f u s i on weights , wher’e the sum

I is determined from t h e  “po i nt  o f v i ew ” of the st imulus , S~

I 
or S,~. These two sums max ’ differ subst a nti a lly in

magnitude , dependin g upon the geometric confi guration of the

stimul i in the perceptu al space.

I Tw o Types of Identifi cation Task

I The primary test of the  a b i l i t y  of  t- he MPS-de r iv ed

perceptua l  space , and the a s s o c i a t e d  d e c i s io n  model , to

I predict identi float ion hehav tar involves a straig ht forward

‘ 
identification task in wh ich  m responses are paired

(one—to—one1 with the m stimuli presented . We call this .1

“complete ” identification task.

I
I

_ _  _ _  ‘ S .



Re por t  No . 

j::: co n s it l e r  a ,, part:::: :::: i: :: i:: ::k

’

Tr: 
I

w h i c h  fewer than m re sponses  are av a i l  ab le  for use w i t h  t h e

m s t i m u l i p r es e n t e d . T h i s  t a s k  c o r r e s p o n d s t o  a s i t u . m t  ion

in which same subset of the t o t  ,ll number o f  s t i m u l i  pr’eser l t

is  o f  s p ec ia l  i n t e r e s t  —— the members of this subset

c o n a t  it u t  i n g  “s i g na l s ” —— w h i l e  the remaining stimul i art’

r ega rded  as “ rt c i s e  , “ and as not requir ’ ing  i d e n t i f i c a t i o n.

We have refer’red to this class of task e l sew h e r e  is - m

“ d e t  ec t i o n — a n d —  i si cr1 1 i f i c a t  ian ” t ask ( Swet s , ~n ’ een , ~et t v

and Swets , 1 ’i”fl , The ohser’ver is asked f i r s t  t o  mak e  ,t

d ect ton response ~. 
“ s ign  ,t i “ or “no ise “ 1  and t h e n  t 0 c h o o s e

one ~~ t h e  ,tvailahle ident i ft oa t . ion r e s po n s e s  —— the o n e

correspon d I ng to the one o f  the signa l s most 1 i k e  1 y t o  be

present

The p a r t  ial i~iert t I t’ica t tori t ask e m p loy ed  here h,rd

three cond It i ants , wit h ,r d ifferent subset of the m at i~sul I

define d as s ig na l s  in each condition. T h i s  v , r r t a t  ion a c r o s s

condi t  ions re f l e c t  a t he  pra~’t i c i l  t’,rct t h a t  t h e ’ su bse t  a t

s t i muli t h a t  is a t ’ s p e c t r l  i n t e r e s t  v i n es t’’-om ,‘ne

s i t u a t  ion t o  a n o t h e r .  The l i s t  ener to 5 ie g r r i e d  s~~t ’ o - ~ ‘~O V

w a n t  t o  c o no e nt r , rt  c it same t i m e  on 5 i i st  ingui  sh~~ng bet ~-~‘e~

iu~ t twa part iou l  an’ phonemes , rather th an ,mmon~, h ‘, or’

so. The sonar ahser’ver’ m i v  wish to ~l ist r ngu sh among sh

and ignore var i it ions in ocean d e’pt h , or v 1¼’ e’ v er s r  . Itt t he’
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S

He part No . 1 ~ t~a it 1k’ n m  n e k ,r nr d Ne wm ,i n I n c

pre s e n t  i ns I ,rn5 ’e , t ho var at I ott across ~‘ ar id it ions pr’ av i tie a a

teat of our dec is  ~an m od e l ’ s rhi 1 it y t o  dea l w i t  it chan g es  in

t he sr i i eric e we g lit s , wh 1 ¼ ’ h m m  Y n et ’ l ec t  changes i n t ho

r e  I .it i v e’ use fu 1 ness at’ t he v rn~ I a us per cc pt u a 1 d i mens r an s as

t he’ St ~ t c i  a ign - t a l  S 15 chang ed .

Me t hod

S t i m u 1 i

Ou r  st  im ui i 5’ant s ist ed of’ v is u a l  re p res e n t  it  i ons  a t ’ a

Se’ t at ’ o i gh I under w i t en’ so urt d a , or i g in  a l l  v so icc t ed b v

Ito w a rd  1 s)~~ -
. 

~ o rcpr esen  t ,i r’ ang e of  con t’u s ib 1 e rt at ur a 1 and

met ’ h ,mn io ,r l 1 v—pro d t:~ e~l sotmd ~~. The~- we r e  r e fe rred  t c by

Ito w a r d  is ( 1 Sh e e t  ~‘a v it at ion ( S C , I 2 1 al og Ic  S ~ I~ 1 ,

¼ S ’mp resseS l  C i v  ‘, t at ion ( CC ‘I , ( ~ 
‘
~ Tar ped ¼~ (TO , ~ Pt ese

F rig if le’  ¼ flF ’ , ~ ~ Ra i n .‘tIIIa l I R S  , ( - -  St cant No se ~. SN • a n d

‘I F I ut t er ¼ Fl. ‘1 , rho in ’ l o ng— I  e rm e nte r ’  g~’ spec  t n - a i r e  a l to wn

in F ig .  2 .

Cur’ v I sti r 1 rep r ’ese n t  it ions d isp 1 a c e d  t he spec t t’ ,t .is

t r eq u en c  v (liar’ i :ont a ‘ ax i 5 1 v e t ’  sus t ime v e r t  i - c a l  ax i a

V 0 t ’ 5115 t’ net . g y i, d ,in’ kn es a — — t he gre it en’ t he e n e t ’  g y , t lie

dan ker the t r i~’ ~‘ . We t n t rod u~’cd per i ad i cit v ~i s in

rid It i anal ph y a ca l  d imens i an by s i nusa I d .il l v v ,rn ’ 
~

- I ng t he

av e r  age ’ ~ian’ kn ess  o t’ t he s igna l  pra f i le i t t  t he  t e m p o r a l

1 ~I
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C E N T E R  F R E Q U E N C Y  OF 1 / 3  O C T A V E  BAND

I Figure 2 .  Long—te rm s p e c t r a  of  eight underwate r  sounds
( Fro m Howard , 1Q 7 6 ) .
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( v e r t i c a l )  d i r e c t i o n .  We gro uped (1) SC and (2 )  81 w i t h  (7)

~N and (
~~

) FL , g i v i n g  all four r e l a t i v e l y  low — f r e q u e n c y

per io d ic i t y ,  a n d  g ave  the remain ing  four r e l a t i v e l y

high -frequen cy periodi c ity. Sp e c i f i c a l l y ,  t he c y c les pe r

st imulus w e r e  1~~, 1~~, 17 , and 18 for St imul i  1 , 2 , 7 , a n d  8 ,
respect ivel y , and  21 , 22 , 2~~, and 2~ for stimuli ~~~, ~~~, 5,

- and r- , r e s p e c t i v e l y .  The r e s u l t i n g  v i s u a l  p a t t e r n s  are

sho w n  in Fig.

The stimuli were constructed on a COMTAL model

I 8000—SA ima ge— processing system , driven by a DEC PDP— 11 /3 1 4

mini computer , and  d isp l a y e d  in an a rea  2~4 cm wid e by 12 cm

high on a C C NRAC 1~~- i nch  (f l -c m)  S NA t e l e v i s i o n  m o n i t o r . As

is apparent  in Fig. ~~~, we added a background of  random noise

to  each st imulus p a t t e r n .  The n o i s e  c o n s i s t e d  of  a

x 128 matrix of elements , e~rch hav ing an independent

gray  v a l u e  samp led  from -r Gauss ian  d i s t r i bu t i on  w i t h  mean

1 12 8 u n i t s  and s t a n d a r d  d e v i a t i o n  15 un i ts  on the 256 unit

gray sca le  of the COMTAL .

Each st imulus pat t e r n  was  cons t ruc ted  by sub t rac t i ng

I from the noise background , sampled anew on each t r i a l , t h e

i hor izon ta l  br ightness p ro f i l e  cor respond ing to its long—te rm

spect rum. Thus , inc reas ing  energy in the spec t rum resu l t ed

J i n  a darker  t r a c e .  The spec t ra l  p ro f i l es  of all eight

s ignals  were  scaled to have the same s p a c e — a v e r a g e  da rkness

I
i 
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1 

1

Figure 3. Visual  rep resen ta t i ons  of the eight underwater
sounds, photographed from t he d isp lay  monitor .

17
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‘1

of 20 gray units below the mean gray value of the noise

background. In addition , the darkness of each point in a

signal’ s profile was sinusoidally varied in the vertical

dimension. For the similarity—judgment tack , the

peak— to—peak brightness variation was 200 p-~rcent about the

steady— state value , resulting in high-contrast images

similar to those shown in Fig. 3. Eor the various

i d e n t i f ic a t i o n  t a sks , the peak—to—peak brightness var iation

was reduced to 60 percent about the steady state value ,

— 
thereby reducing the image contrast considerably.

For all tasks , the br ightness and contrast controls

on the CONRAC monitor were adjusted such that the middle

• gray (128 units) had a luminance of about 62 cd/rn2, and full

- 2white (255 units) a luminance of about 308 cd/rn

A pparatus

In the various identification tasks , three observers

sat at individual video computer terminals (Lear Siegler

ADM —3 A) approximately two meters from the stimulus—display

screen , whose center was about 1.1 m above the floor.

Ambient room lighting was maintained at a dim level.

II
1~ 

All exper imenta l  even t s  (st imulus d i sp lay ,  response

r e c o r d i n g ,  and tr ial timing) were controlled by the PDP— 11

computer.

18 
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Proced ure

Similar i~~y_ Tas k . The observers rated simi lar ity of

pa irs of s t i m u l i  on a 10—poin t  s c a l e .  Each of the 28

poss ible pa i r s  was p resented  side by side by means of  ~~mm

sl Ides for 1’~ sec onds , fo l l owed  by a 1’ —second  response

in te rva l. Each s l ide  was a photograph of an high contrast

d isp la y  of one of the eight stimuli on the CONRAC monito r ’

screen , similar to Fig. L Other’ details of the pr’ocedur ’e

are availabl e elsewhere (Swet- s , Green , Getty, and Swet s ,

1977).

Com ple te  Id e n t i f i c a t i o n  Task. Each t r ia l  began by

b lanking of the COMT AI  sc reen , fol lowed ~~~~~~ seconds l a t e r  by

a 2 .0  second l o w — c o n t r a s t  d i s p l a y  of one’ of the e igh t  v is u n l

stimul i. Each obse rve r  then made a sel f — p a c e d

Ide nt if i cat  ion response on the t e r m i n a l  keyboard , p re s s i r t g

one of eight keys  labe l led  w i t h  the d i g i t s  1 to  8 ( t y p i n g

errors could he corrected with an “e r a s e” key) . Observer ’ s

could make reference to a sheet on whi ch were’ arranged

labe l led , high— c o n t r a s t  Po la ro id  photographs of the eight

stimuli —— a g a i n , similar to those shown in Fig. ~~ , As etc h

observer responded , the number of the presented signa l was

displayed on his /her termina l ’ s screen. When a ll t hr e e  h a d

respond ed , the stimulus image was redisplayed a long with the

cor rec t  a n s w e r  for abou t  twa seconds.

1 Q
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The sequence of st imuli was determined completely at

random . Fifty trials were present ed in a block , and three

blocks were presented in a one—hour session ,

Partial Identification Task. In this task , four of

the eight stimuli were designated as “signal” and allowed as

responses , while the remaining four were designated as

“noise ” and not allowed as responses. A different set of

four stimul i was designated as the “signal ” set i n  each of

three cond itions. The procedure for the partial

id e n t i f i c a t ion t a sk  was ge n e r a l l y  the  same as t h a t  d escr ib ed

abov e for the complete identification task except that , for

reasons discussed elsewhere (Swets , Green , Getty, and Swets ,

1977), on ea c h t r i al a stimulus pattern was presented in

five sequential stages . At each stage , a successive fifth

of the pattern was revealed , pushin g down the displa y of

earlier stages , and the observer mad e both a detection and

an identification response. Our present analyses use only

the  identification responses from the last (fifth) stage of

each trial when the  c o m p l e t e  d i s p l a y  of the  s t i m u l u s  was  i t t

view. Observers were provided feedback —— e i t he r  the  s ig n a l

number (when one of the four “signals ” was presented ) or t h e

word “noise ” (when one o f  the four “noise ” stimuli was

presented ) —— at the end of each trial .

20
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Observers

The three observers were members of BBN’ s technical

s t a f f , in cluding one of the experimenters (JBS).

Derivation of ’ the Perceptual Space:
The Similarit y—Judgment Task

A set of 28 s i m i la r i t y  ju d g m e n t s  ( a l l  p a i r s  of the

eight st imuli) for each of the three observers was submitted

t o INDSCAL a n a l y s i s .  The psychological coordinates of the

eight stimuli in the three— dimensional perceptual space

revealed by INOSCAL are l isted as 4’ . to i~~. in Table 1.
a i , i ,3

Details of the INDSCAL analysis are available elsewhere

(Swets , Green , Getty, and Swets , 1977). Briefly , we found

the three IN [)SCAL—derived dimensions to correlate highly

with physical measures of “low— frequency energy, ”

“mid — frequency energy ,” and “contrast ,” respectively.

1
Surprisingly, “periodicity ” did not emerge as a

psychological dimension , despite the fact that our observers

reported it to be a salient dimension in the identification

task . Moreover , as described in the earlier report , an

INDSCAL analysis applied to the similarity judgments of

another group of 1~ judges yielded periodicity as a fourth

dimension , along with the same three dimensions as given by

the three observers.

21
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Table 1
I Psychological Coordinates for Each of the

Eight St imulus Patterns on Four Dimensions

I

St imulus Poychological Dimensions

~l,l ~ 1,2 ~l,3—- 
(low—frequency ) (mid— frequency) (cant rast ) ( per l ad!  cit y

— -  I — . 147~ . 1127 .229 — . ‘54 0

• 2 . 1 4 1 4 1  — . 114 3 .b7h — .

— — . 5’~2 — .209 .714 3 .0 7/
14 .380 — .083 _ ,3 14 L4 . 2 u

. ~17 .59 7 — .213 .

- b — . l~
)
~4 — . 52 1 — .2 ~3 

154 0
U 

7 — .198 .207 .097 - .2~~l
- 8 .171 — .27t — .14h14 — .0’7

a 

~~~~~~~~~~ ‘ ~~~~~~~~~~~~~~ 
- - - --— -

~~~~~~~~~~~~ _ -



I
Report No. 37 19 Bolt Beranek and Newman Inc.

In order to determine the gain , if any, in

predicting confusion matrices when periodic ity was included

as a fourth dimension for the three observers , we c r e a t e d  a

• per iod ic i ty  coordinate for each st imulus.  The assigned

— va l ues , given in the last column of Table 1 , are linearly

related to our physical measure of’ period icity, subject to
— 

t he  c o n s t r a i n t s  —— used by INDSCAL in assigning coordinates
S

on a psychological dimension —— that (1) the mean across

stimuli is 0, and (2) the variance across stimuli is 1. We

realize that the true psychological coordinates for

• per iodic i ty  are probably not linear with the physical

me asure; however , lacking a strong rationale for any other
S

specif ic re la t ionsh ip , we m a y  suppose  that l inearity is a

good first approximation to the true relationship.

The B x 8 Complete Identification Task

* There were eight response a l te rna t ives  in the

complete ident i f icat ion task , each corresponding to

identification of one of the eight stimulus pattern s. Of

the 514 blocks of t r ia ls  run , the f i rs t  three were regarded
a

as practice and omitted from analysis. In addition , the

- data of two other blocks , and part of a third , were lost due

• to equipment failures. The remainin g 21421 trials for each

• - observer were included in the analyses that follow.

23
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Resu lts

a - E r r or P ra b a b i l i t y .  A p lot of  er ror  p ro b a b i l i t y

aga ins t  st imulus number , shown t’ar individual observers i n

F ig. LI , reveals that t he  s t i m u l i  were  not- e qually

can fus ible  . In fa c t  , S’t. imu l us No . 2 ( 81 ‘r was never , or

a lmost- never , confused w i th  any other s t i m u lu s .  lndiv idua l

o b s e r v e r s  showed s im i la r  pat. t e m s  of e r ro rs  ac r ’ as s  st i m u l  I

as seen in Fig.  14 . They a l so  showed s i m i l a r  o v e r — a l l er ror

rates (1 ~ , 20, and 2 1  p e r c e n t  errors f o r  ob s e r v e r s BF , O K .

a n d  iS , respect iv el v ’ . The o v e r — a l  I prohahil  it y o f  a

confusion error , a v e r a g e d  a c r o s s  s t i m u l i  and o b s e r v e r s  • w a s

1 8 percent  ( 1  ~fli4 e r ro rs  in 72t - ’3 t r i a l  s~

Confus ion Ma t.r I x . The mat  r i ~‘es a f r’ aw con fus ion

frequencies are give ni for’ each  ob s e r v e r  in Table 2. The

pat t e m s  of co n fri s I on s embedded in these  ri umber s are most

read ii y appa rent  when r esponse  pr’obah iii t y ~i 1st r’ i hut ions are

p l o t t e d  for each st imul us , s hown s e pa rat  e ly  fa r’ each

observer ’  by the sal Id lines and f i l l e d  c i rc l e s  in Fig. ~‘ . A

p r o m  i nen t feat- tire a f t hes c d rt a i s t h e  high ~1 egr cc of

s im 11 ar i t  y a c r a s s  t h e  t hr cc ohserv er’s i n t he confu sion

pat t  em for each st imulus.  It is t h i s  mat r’ ix  of co n f u s i on

d 1st r Ibut ions th at we seek t o  predIct . by the model • as

described In the f o l l o wi n g  s e c t i o n .

714
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I .6 I ~F 1

v ~~~5 -  OBSERVER -

I •BF
1 1 J 4 -  o J K  -

I
STIMULUS NUMBER

I
Fig ure LI. 8 x 8 Experim ent: Probability of a confusionI error for each of the eight stimuli , for each

observer.

I

I
I 
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Table

1 8 x 8 Ex pe r I m en t : Matr ix  of Confusion
Frequencie s for Each Observer

I 
~~~~~~~ V~t’~ ’ lu~ R ; j ~on~~e

~~~ 

_

i~

-, 1 0 2 8 8 ~
‘ 1 0 28- 4

- 0 2 2 t-’ 2 8 ~ 2 ~ 2I t-~ 0 1 ,
‘ .~2 0 28 0 21

2 1 -‘ I 1 2~4~ 2- )  ~0$
8 0 2 2 1 .‘ .‘ 2 2 27

I 
~1K 1 2-~8 0 0 1 2 1

I 2 2 ~2 $ 2 On - ‘

- •  2 -. 22 t-’ 2 8 .‘ 1 1 .‘ S
0 C’ . 2 2 ~ .‘ ‘) C’

I ~

‘ 0 1 ~2 .‘ I - ‘C
-

. 12 ~ $ 1 ~‘ C’ C’

C’ 5 1 2 0 1 2 0 0 I , ’ .‘ oS , 

-
~~~ 
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8x8 EXPERIM ENT

OB F O’JX OJS

~
L L L’

L L 

2

I~~~~

J

~~~~~~ 

J

A

\
L

~~~~~~~

3

~~

:~1 I _______ [_ I I I I I 1 1  i l r ii i i _i
1 2 3 4 5 6 7 8  1 2 3 4 5 6 7 8  1 2 3 4 5 6 7 8

RESPONSE NUMBER

Figure 5 A .  8 x ~ Exper imen t :  Nst r ibut ion of res po nse
pr’obab  Il i ty for each stimulus (St imul i 1 to ~4 • fcr
eac h o bse rve r .  Obta ined d i s t r i b u t i o n s  are given by
s o l id  l i nes  and f i l l e d  c i r c l e s ;  d i s t r i bu t i ons  p r ed i c t e d
by the model are g i ven  by dashed l ines and open c i r c l e s .

2 ‘7
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I
8x 8 EXPERIMENT

I OBF OJK

~~ loI 
-J4 I-

I ( 1 1 1 1 t h  ( I I I I I I J  1 1 1 1 1 1 1 1
1 2 3 4 5 6 7 8  1 2 3 4 5 6 7 8  1 2 3 4 5 6 7 8

RESPONSE NUMBER
1 Figure 58. 8 x S Experiment: Distribution of response

probability for each stimulus (Stimuli 5 t o  81 , for
each observer . Obtained distributions are given by
solid lines and filled circles; distributions predicted
by the model are given by dashed lines and open circles.
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Model Analysis

Parameter Estimation. Model parameters were

estimated separately f o r  eac h o b s e r v er u s ing a

i negative — gradient hill—climbing technique that sought to

minimize the sum of squared deviations between the predicted

I and obtained confusion matrices for that observer. Under

I 
several different analysis conditions regarding the

dimension sal ience weights , d i s c u s s e d  be low , the number of

I parameters estimated ranged from one (a , the sensitivity

parameter ) to five (a and four salience weights , w 1 to w 14 ) .

Prediction of Confusion Matrices. We first fitted

I the model to the individual confusion matrices of our three

observers using the three dimension salience weights for

I each observer provided by the INDSCAL analysis. The

I 
parameter values of individual observers , and the proportion

of variance accounted for in the data of individual

observers , and the average values , are shown in Table ~A .

I 
Estimating onl y a single parameter , a , for each

observer , we found that we were able to account for 97

] percent of the variance in the full confusion matrix ,

averaged across observers. On the other hand , if we

included only identification errors (the off—diagonal

- elements ) in the variance analysis , we accounted for only $1

J 29 
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percent of the er ror —matr ix  var iance.  There are at leas t

four reasons why the variance accounted for , considering

I on ly err ors , may be small ; we take them up in turn in the

next four paragraphs.

First , the obtained relative frequencies calculated

I for the off—diagonal cells cor-itain the effects of both

quantization error (the observed frequency of each response

1 is integral) and sampling error. Since the predicted

-~ probabilities of most off—diagonal cells are very small , the

r ange  of’ variation in the measures to be correlated is

small. We may expect , on these grounds , t h a t  the
*

unpredicted variation due to quantization and sampling error

is substantial relative to the small total amount of

variation present.

Second , the brief stimul us duration (2 seconds) may

o have resulted in some proportion of trial s on which the

stimulus either was not seen , or not seen long enough for

adequate encoding. Responses on these trials should

re present  pure guesses , uniformly distributed across the set

of responses (assuming no response biases). While guessing

undoub ted ly occurre d occas ionall y, it is unlikely that it

represents a major contribution to the confusion matrix. If

it did , we woul d expect to see a non— zero baseline response

frequency across all responses for a given stimulus , an

7 31
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expectation which is not confirmed by the observed confusion

matrices.

4 Third , the set of dimension salience weights derived

by INDSCAL from the similarity —ju dgment task may not

-
~~ accurately represent dimension salience in t h e

identification task. This possibility was examined by

~ j fitting the model with the salience weight s , w 1 to w 3, and

the sensitivity parameter , a , free to vary. As seen in

Table 3B , the estimated parameter values change somewhat

from their INDSCAL—der ived values; however , there is no

significant increase in proportions of’ variance accounted

for either in the full matrix or in the off— diagonal cells.

Thus , for a model of three dimensions , the INDSCAL — der ived

salience weights are nearly optim ~il relative to the best

possible performance of the model with unconstrained choice

of parameter values.

This leads us to consider the fourth possible

r e a s o n , namely, that one or more d imensions used by the

o b s e r v e r s  In  the  id e n t i f i cat i on task  d id not emerg e i n the

INDSCAL analys is. As discussed earlier , we have good reason

to suspect that the temporal per iodicity present in the

st imulus patterns Is one such missing dimension. So we

fitted the mode l to the confusion matrices a third t ime ,

using t h e  INDSCAL-de m ived salience weights for each observer

~ 
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- 

- 
for  the  f i r s t  three dimensions , and allowing the salience

weight for the fourth dimension (periodicity) to vary. By

including per ioct iett . y as a fourth dimension , we found that

the average proportion of varian ce accounted for In t.he full

mat rIt~ increased from 97 per cent to 98 percent , shown in

Table 3C , and that accounted for in the off—diagonal cells

inc rea sed  f r o m  2 1 p e r c e n t  t o 39 pe r cen t , a s u b s t a n t i al

Improvement. Moreover , with an average sal ience weight. of

.46 assigned t .o pe rlod lai t y ,  it w a s  by f a r  t h e  mos t

im p o r t a n t  d imens io n among the four in determinin g

interst imulus distance.

Fina l ly, we wished t o determine if a n y  f u r t h e r

improvement in p r e d i c t i o n  might be obtained by allowing t h e

sal ience weights (constrained to their IN DSCAL values in the

last fit I t-o vary. The resu lt , shown In Table ~D, was

essentially no f u r ’ t hc ’r increase In the proportion of

va r i ance  accounted for. The va lues of w 1 , w~~, and w

changed ve ry  l it -t Ie , on a v e r a g e , from the INP SI’A [

v a l u e s  — —  l ndi C ’ it in g , as obr’-er’ v ed b e fo r e , t h a t  t h e  I N P S C A I

values were near I y opt Ima 1 r ii t erms a I t he model ‘s ab ii it y

to pred tct t-he full con t’us lair mat r- I

The p a t  t or’i of’ re sult s ~t I scussed ihave suggests that

the e f f e c t  o f  inc I ud lug per lad I c  i t  y is a faurt  h d imens io n  is

independent of , and add It Iv e t 0 , t he e t’ f e c  t of free 1 y

— - - _____________________________________ ~~~~~~~ -~~~fl-r ~~ 
--
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est imating the first three salience weights. Includin g

per iodicity as a fourth dImension increases the proportion

of variance accounted for by 1 percent and 18 percent - ,

respectively, in the full and error matr ices when INDSC A L

constraints are used (Tables 3A and 3C) , and by 1 percent

and 22 percent in the full and error matr ices when

parameters are freely estimated (Tables 3B and 3D). Freely

e s t i m a t i n g  w e i g h t s  w 1 to  w 3 increases the proportion of

v a r i ance  a cc o u n t e d  for  by 0 percent in both the full and

error matrices when only three dimensions are used (Tables

3A and SR), and by  0 a n d  4 per cents when period ic ity is

included as a fourth dimension (Tables 3C and SD).

We turn now from summary measures of goodness — of— fit

to the prediction of individual cells in the con fus i on

matrix , us ing the four—dimensional model w i t h

freely— estimated salience parameters. We choose this

version of the model , in  spite of t he  a l m o s t  e q u a l l y  goad

fit noted above when INDSCAL constrained param eter ’s are

used , for consisten cy with data reported in t h e  next - s e cti on

on the partial identification tasks , where fits of the

different model versions were not equa lly good. The

distributions of predict -ed condition al respo nse

probabilities are plotted for each observer In Fig. ~ as

open circles connected by dashed lines , superimposed on t h e

4
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0

• obtained distribution s. The difficulty one has in

separating obtained and predicted curves attests to the

considerable accuracy of the predictions.

There are occasional deviations between predi cted

and obtained probabi lities that appear to be systematic , in

that two of the th ree observers show the same pattern of

deviations. For example when St imulus 3 was presented , both

observers 3K and 33 made Response 6 more frequently and

Response 7 less frequently than predicted. This , and other’

such examples , m a y  r e s u l t  f r o m  the  o b s e r v e r s ’ use  o f

d imensions that were available in the set of patterns hut

not In cluded in the model analyses. Over— all , t h o u g h , t h e

model that incorporates three INDSCAL—derive d d imensions ,

and a f o u r t h  adde d , predi cts quite well the ind ividual cel ls

of the confusion matrix.

The 8 x 4 Partial Identification Task

We may test the model in another way by cons ider i ng

how well it is able to predict the pattern of identifi cation

confusions when an observe” is limited to responses

associated with only a subset of the eight stimu li. In this

section we apply the model to three conditions of an S x 4

partial Ident ific ation task , In which only four’ of e igh t

s t i m u l i  — — r e f e r r e d  to as the “signals ” —— co r r e spon d t o

1~
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allow able Identifi catio n responses , a different set of four

stimuli in each of the three conditions.

The “s i gn a l s ” in Condition 1 were the four stimuli

1 , 2, 5, and b of Fig. L These signals were not clearly

distinguished from the remainin g four “noise ” stimuli on any

of the four physical dimensions discussed previously. In

Cond Ition 2, the signals were stimuli 3 , 4, 5 , a n d  6 , the

pattern s wit -h relatively high— frequency periodi clti e s. In

Conditi on ~~, the signals were stimuli 1 , 3, 5, and 7,

patterns which tended to have low v a l u e s  on our  p h y s i ca l

measure of mid —f requen cy energy .

The analyses that follow are based on 2~ 0 trials for

each observer In each condition. On the average , each of

the eight stimuli was presented about 28 times In each

con dition . An initial block of 30 p r a c t i c e  t r i a l s  has  been

omit -ted from analysis for each condition.

Re suits

Error Probabil ity . Error rates can be defined only

for the four “signal s” in eac h cond it ion . All responses on

“noise ” tr ial s were necessarily errors since the noise

stimuli did not correspond to allowable identifi ca ti on

responses. Using only the signal subsets of the confusion 

- - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~
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m a t r i x  t’or  each condition , we found cons i d e r a b l e  v a r i a t i o n

in the error r a t e s  of  the three observers , a v e r a g e d  across

conditi ons: ~
- , 24 , ar i d 8 per cent errors for observer’ s BF ,

~1K , a n d  33 , r’e spe c tive l y. There was also variation in the

error’ rates of t he  t h ree  cand i t ions , a v e r a g e d  ac ros s

observers: 8, ‘1 , and 5 percent far Cond itions 1 , 2, and  ~

r espectively. F i n a l l y ,  t h e  over—all error rate in this

experiment , 12 percent , was somewhat . lower than tha t in the

full S x 8 ex perim ent (18 pe rce ntl .

Confus ion  M a t r i c e s .  The raw confusion matrices are

g i v  en i n Ta hi e 14 fo r each ohsorv er’ and for eac h cand it ion

The car r’esponl i rig response d i st r I hut ions are pl o t ted in

F i g s .  t-’— $ for each st imul us , for’ each observer , and for each

cond i t io n , by the f ill e d  circ le s connected by solid lines.

As in the f i r s t  e x p e r i m en t , the  response d ist -ri hut ions for a

R i v  en st imul us and car-rd it ion are  gener’ all y vet’ y 5 im ii ar

ic ro ss  the I hr cc ohser’ vet’s . The mast n o t  able except io ns  i r e

the d is t r i hut ions  for st i mu 1 1 t-’ • 7 , and S in Cond i t. ian C’

Fig. 7!~ , and for st im ul 1 2, t~ , and 8 in Co n d it ion ~ (Figs.

SA and $D’~ . With t he  ex c e p t  ion of stimulus t~ i n Can d i t  ion

C’ , t hese a r’e all inst ances in wh t c h t he I dent i f 1 c a t  ion

r’e s ponse car res pond i ng to the present ed st I mul us was not

amon g the set of a l l o w e d  responses , a f ac t  we w il l  retur n to

sho r t  1 y i n cans ide r I n g t h e  model  ‘ s pr ed I c t Ions 
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I
8 x 4  CONDITION 1

O’BF OJK O?JS

-

.

2

:L1~~~~
: J 4

RESPONSE NUMBER

Figure 6A . S x 4 Ex periment , Con dition 1: Distribution of
response probability for each stimulus (Stimuli I to 4 ),
for each observer. Obtained distributions are given by
solid lines and filled circles; predicted distributions
are given by dashed lines and open circles.
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I
8 x 4  CONDITION 1
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RESPONSE NUMBER

I F ig ure  6B . 8 x 14 Exper imen t , Cond it i o n  1: Distribution of
response probability for each stimulus (Stimuli 5 to 81 ,
for each observer . Obt ained distributions are given by

I solid lines and filled circles ; predicted distributions
- a r e  given by dashed lines and ope n circles.
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by the model are given by dashed lines and open ci rcl e s.
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I
8x4 CONDITION 2
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RESPONSE NUMBER

Figure - A. 8 x 14 Ex periment , Cc’ndition C’: Distributi on of
response probability for each st imul us ( St  imu l i 1 t o  U

I for each observer. Obtained dis tributions are given by
soli d lines and filled c ircl es; predicted distributio ns
a re c iv e n by dashed lines and open circles.
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solid lines and filled circles; distributions predicted
by the model are given by dashed lines and open circles.
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O B F  O J K  O J S
0

J 6
~~~lo

7

‘—I

:I~1 L ,  _
RESPONSE NUMBER
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r-e~~pcnse pr 5 ’h.ihm l i t  y far each stimulus (Stimuli ~ t o  $~for each observer . Obt ained d i st r’ibu~ ions are given by
sol j i lin es ard  Ii lied circles ; pr edicted distrih u t ions
m r~- c i ve n 1’’~ i i s ’ie5l lin e s and open circles.
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Fi~~ure 8A. 8 x 14 Experiment , Condition ~: Distribution of

response probability for each stimulus (Stimul i 1 to ‘4) ,
I ’  for each observer. Obtained distributions are given by

soli d lines and filled circles; predicted distributions
- are Riven by dashed lines and open circles.
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I
8x4 CONDITION 3

IL OBF O J K  O:JS

I

RESPONSE NUMBER

Figure 8B. 8 x 14 Experiment , Condition 3: Distribution of
response probability for each stimulus (Stimuli 5 to 8),
for each observer. Obtained distributions are given by
solid lines and filled circles ; predicted distributions
are given by dashed lines and open circles.
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Model A n a l y s i s

r i r a r n e t  er Fst m m a t i o r r . The appl ication of the model

o the con Ins ion mat r ices proceeded in much 1 he same way as

in the prey ions e x p e r i m e n t .  As before , the model was fi t t ~ed

o the Oat a under four 0 ifferent conditions correspond ing t.o

combi nat ions of two factor’s: (1) the inclusion or not- of

per i ad i cit. y as :m fourt  h 0 irnens ion , and (C’) the use of

I N P~ CAL— de r 1 vod or free ly— est . imat e d valu es for the t~hree

s a l i e n c e  w e i g h t s , w 1 to w 1. In al l  case s , the psychologica l

~‘oor ’d m ates of the eight st imul I on the first three

dimensi ons were I ;r ken~ from our TNDSCAL anal ysis of the

s i m i l a r i t y — j u d g m e n t  d:ìt:- m , a n d  the coordinates of p e riodicity

t ’ n’om our phys i cal me;msur e of that. 0 imens Ion . Mode I

para met e r ’ s wer e est imat-ed separately for each observer in

ach o f  the I hr cc experiment , a I ‘ond it Ions , and b r  r ’ ac h of

t h e  four v e r s i o n s  of the mode l .

Predi c tion s of Confusion Matrices. The param eter

v i i  ucs and pr oport ion— o f—v ar lance values for each concl it ion ,

av e r a ge d  a o r ’ o s a  a b s e r - v e r s  , and the average v a l u e s  a c m - a s s

‘and it ions , are shown for each of the four version s of the

model in Ta hi e ‘~ . Corn p -m r i rig the average pro part ion a f

V ;ir I anc e acc~
) t inted for by each model in Tab 1 e ‘~ w i t h t h e

‘ompar ab i e aver age v ml tie for t he 8 x 8 cx per iment . in Ta bie

~~, it is clear that the model Is account Ing for’ somewha t

‘I ‘-,
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l e s s  of  the v a r i a n c e  In the full m a t r i x  than before , hut for

substant lal 1 y more of the var - i ance in the error  m a t r i x .  The

first result - is probab ly d u e  I n  large pa r t  t o the

c o n s id e r a b l y  sma l icr number of t r i a l s  con t r ibu t ing  to each

at’ the confusian matrices — —  approx ima te ly ~O — —  resu l t  ing

in less stable estimates of  the observed cond lt ionri l

respons e probabilities. The second result follows from the

inclusion at’ noise tri a l s  an which observers are forced to

make confusion error’s. As a consequence , the amount o f

v a r i a b i l i t y  av a i l a b l e  t o  be explained is large in t-he error ’

matrices of the 8 x 14 experiment relative to  the amount in

the error m atrices of the 8 x 8 experiment.

Paralleling the results of the analysis of the 8 x 8

ex per i m e n t  , the pat ten’n of changes in the van - i ance accounted

far across the four’ versions of the model suggests th at t h e

effect of inc lud ing per iod  jo lt y as a fourth 0 imeni sian is

independ en t of , and a d d i t i v e  to , t h e  e f f e c t  o f  f r ee l y

est i m a t i ng t h e  f ir st t hr ee  salience weights. Including

p e ri odi c l ty as  a fourth dimension Increases the prop orti on

of var I once acc o un ted  for by ‘ and 10 percent in the ful I

and error mat r i c es , r e s p ec t Ive l y (Tables t-’A and ‘- u ’) Erect y

est Im at in g the sal lence weights w 1 t o  w 1 increases the

pro pan’ t. I on of  v a r  I once acca tinted f’a r by 10 and 20 pe r ’ t ’ en t I ni

the full and error- matric es , r e s p e c t iv e l y  (T ab l e s  ‘sA an d

14
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• cB ). Doing both — —  including pertod ic ity as a four th

di m e n s i o n  an d f r e e l y  e s t i m a t i n g  the sa l i ence  we igh ts  w 1 to

T w , —— i nc reases  the  propor t ion of  varian ce accounted for by

16 and 10 per ’cent in the full and error matrices ,

respectively (Tables SA and 5!)).

The su bst ant i al  im p r o v e m e n t  i n t h e  m o d e l ’ s

p r e d i c t i o n s , when  the  sal i en ce w eig h t s  w 1 t o w 1 are freed of

their INP SCA L—d erive d values and ind ependently estimat ed in

each condition , i s i n co n t r a s t  t o t he  la ck o f i m p r o v e m e n t

observed in the 8 x 8 experiment. The reason is apparent in

Fig. 5, wh ich shows the estimated salien ce weights

(in cluding -the period ici ty dimension ) for each observer ,

s e p a r a t e l y  for t h e  8 x 8 experiment and each of t h e  t h r e e

conditions of the 8 x 14 experiment . The pattern of

est i m a t ed we ight s c l ea r l y  c h a n g e s  f r o m  one cond i t i on t o

an o t h e r , sugg esting t h a t  the observer ’s modified t he i r  set  o f

s a l i e n c e  w e i g h t s  from c o n d i t i o n  to cond it ion  ac co rd i n g t o

the composition of the set of four stimuli defined ~is

s i g n a l s .  In Cond it i o n s  1 and 2 , the patt -erns of wei ght - s

appear quit e similar across observers; in C o n d i t i o n  1 , t h e y

appear relatively different.

The pre ct ictect  r e s p o n s e  d i s t r i b ut io ns t’or each

st- Imu lus and for each observer in each of the cond it ions are

shown by the open cir cles connected by dashed lines in Figs.

LbS
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t~—8 . These predi ctions are based on the four—d imen sional

I model with freely estimated salience weights. Scanning aver

the large number of distribution s , the over— all impressi on

I is that there Is a remarkably good agreement between

I 
predicted and obtained distributions. It is worth noting

that a ten—percent deviation between obtained and predicted

I probabilities corresponds to a difference of only about

I 
three responses , given that each obtained distribution is

based  on a b o u t  ~0 t r i a l s .

I We mentioned earlier that most of the cases , i n

‘ 
which the observed response distributions for a given

stimulus differed among the three observers , were instances

I cf noise stimuli. We now observe that most of the cases in

which there is a substantia l deviation between predicted and

I obtained response distributions are also instances of noise

I 
stimuli (e.g., Stimulus 6 for Observer BE in Condition i~~.

In fact , the structure of the model provides an insi ght into

I the source of these deviations. It will somet imes be true

that the interstimulus distances between a particular noise

I stimulus and each of the four’ signal stimuli allowed as

‘ 
r e s p o n s e s  are all very large , and thus that the

corresponding confusab ility weights are all very small. The

I 
observer would have no difficulty in rejecting all four

responses as corresponding to the true “identi ty ” of the

I
50
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presented stimulus. In this predicament the observer most

I likely reinterprets the task to respond with the stimulus

I 
among the allowable four which is “most similar ” to the

presented stimulus , even though it is clearly incorrect.

I How ever , if’ the confusab ility weights for all four responses

are extremely small , we may expect the observed response

I distribution to be very sensitive to small differences in

salience weights , and also to other decision processes.

A particularly good illustration of the problem is

I found in the response distributions to noise Stimulus 2 in

I 
Cond it ion 3 (Fig. 8). Each observer made a single response

exclusively —— but a different response for each observer .

I In a l l  l i kel i hood , each observer was aware that the pattern

was Stimulus 2 at each presentation. Having decided once

I which signal stimulus was “most similar ” to Stimulus 2, t h e

I 
observer then remembered and gave that response consistently

thereafter. It can he seen in Fig. 8 that the model

I accurately predicted the different distributions for the

three observe rs  — —  h u t  at- a cost. The parameter—estimation

I algorithm has attempted to accommodate the extreme

I 
distribution by increasing the sensitivity parameter value

in Condition ~ relative to Conditions 1 or C’ (see Table SD),

I thus decreasing the error in predic ting that particula r

response distribution . As a consequence , however , the

I-

1 
51
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I
prediction of other response distributions are now more

I extreme than they otherwise would be. This effect can be

.I seen in the predicted distribution s for most other stimuli

in Condition 1 .

I Over— all , however , the model , using the perceptual

I 
space der ived from similarity judgments within the context

of the full stimulus set , predicts quite well the confusion

I matrices for partial identification tasks in which different

subsets of the stimuli are identified . The predictions are

I improved , as in the complete identification task , when a

I 
fourth dimension is added to the MDS— derived perceptual

space.

I
Ad aptive Tuning

Ada pt ive Tuning In Identification

Our appl ication of the model to the complete

I 
identification task and the three conditions of the partial

identification task suggests that the observers were

flexible in their use of perceptual dimensions to identify

I 
t h e  s t i m u l i , in that our estimates of the relative salience

weights on the several dimensions varied from condition to

condition (see Fig. 9). Given that the same set of eight

stimuli was presented in both tasks , we may ask what

S
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S
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I
motivated the observers to adjust the pattern of salience

I w e i g h t s  as t h e y  did across the different conditions. Whil e

the set of stimuli remained constant across all conditions ,

I the subset of stimuli that we required the observer to

I 
i d e n t i f y  —— t he  “s i g n a l s ” —— changed from condition to

condition . Furthermore , it was only for this subset of

I stimuli that the observer received discrimin ative feedback

that indicated which stimulus had been presented . We

I believe that the observer was engaged in an adaptive tuning

process in which the relative weighting of dimensions was

adjusted in order to max imize the discriminabi lity of the

I subset of stimulus patterns to be identified in that

condition. This tuning process probably take s place

I gradually, over many trials , based on the feedback given the

observer regarding the correctness of identification .

L - Given that observers were instructed to maximize

t h e i r  percentage of correct identifications , it seems likely

F that this criterion formed their basis for tuning. To test
- 

t h i s  hypothesis , we have determined from the model , for each

condition of the experiment , what pattern of dimension

I 

salience weights would maximize the probability of a correct

- signal Identification . The optimal pattern of weights ,

I’ assuming an average value for the sens i t i v i t y  parameter , is
- 

p l o t t e d  by the dashed line for each experimental condition

I .
53
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of both tasks in Fig. 9. While the de taile d agreement of

the observed and optim al weight patterns is n o t  p a r t i c u l a r l y

good , there is a general corresponden ce of observed and

I pred ic ted pa t te rn  shape across conditi ons , with the

E except ion of Cond i t i on  ~ of the 8 x Lb task. The comparison

in this part icular condition is probably not meaningful

— 

because of the large inter— observer differences , as
S

discussed earlier. In general , the observed patterns of

I dimension salience weights seem consistent with the

I 
hypothes is that observers are tuning their weighting of

dimensions in order to maximize t he  p r o b a b i l i t y  of a c o r r e c t

F identification .

I Adaptive Tuning In Judgment of Similarity

The concep t  of ’ adaptive tuning may also provide an

explanation for the failure of periodicity to emerge as a

I dimension in the INDSCAL analysis of the similarity

judgments obtained from our three observers. If we assume

that the observers ’ perceptual spaces were the same in both

I the similarity — judgment and identification tasks , then

periodicity could fail to emerge as a dimension in the

1 INDSCAL analysis if the observers were according it zero , or

• near l y  zero , weight . This would be analogous to our

analysis of Condition 2 of the partial identification task
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in which dimen sion ~ (contrast) was given zero weight by all

o b s e r v e r s , al though th is dimension presumabl y was available

-~~ since It was used in other conditions. Thus , we suggest

-~ that periodicity was present in the observers ’ perceptual

-
~ spaces in the s i m i l a r i t y — j u d g m e n t  task , but g iven  zero

weight in the adapted pattern of dimension weights .

Moreover , we believe that the p a r t i c u l a r  p a t t e r n  of w e i g h t s

resulted from an adapt ive tuning process that sought to

[I optimize som e aspect of performance , as i n  t h e

identification task . Since observers were Instructed to map

their perceived range of similarities into numbers so as t o

[ use the en t i re  range from one to ten , we speculate that

observers may have tuned dimension w e i g h t s  to  obta i n t h e

maximal possible range of inter—stimulus distances over all

I. pa i rs of stimuli. Further work is required to decide this

* issue .

I:
D i s c u s s i o n

A Validation of ’ MI)S Procedures and the Decision Model

-- Our approach in this paper assumes (1) that a set c-f

I complex stimuli can be represented perceptually as a set of

points in a multidimensional psychological space , (21 t h a t

I an MDS procedure can be used to der ive  the dimensions of

I 
t h a t  space and the  r e l a t i v e  loci  of the  s t i m u l i  w i t h i n t h e

I
I 

— — -- -~~~~~-~~~~~ - T  ~~~
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space , mu d ( ~ that i d e n t i f i c a t i o n  confusions can t a

pre dicte d by a s i m p l e  d e c i s i o n  model based on w e i g h t e d

i n t e r st im u l u s  d i s t a n c e s . Our success in pre d i c - t i n C

confusion matr ices for m d  iv idu a l observers across several

experiment a l conditi o ns prov ides support for this approach.

We believe that this outcome provides a significant

validation of the use of MDS procedures to reveal perceptual

structure. Other evidence for the validity of M DS— derived

spaces has relied largely on t h e  i n t u i t i v e  r e a s o n a b l e n e s s  of

the abstracted d imensions and stimulus configurations. The

present outcom e provides much stronger support in that the

MDS— derived space is used to predict data in a different ,

independent task . To be sure , the best predictio n of

identification behavior occurred when the MDS— derive d space

for our three observers was supplemented by an additi on a l

dimens ion . Nonethe less , t he f i r s t  three d imensions r e v e a l e d

by the MDS procedure for those observers were useful in t h e

prediction.

Our results also support the decision model as a

description of the identification process. The model

accounts well for the changes in performance observed across

d ifferent conditions of the complete and partial

identification tasks. Of part icular interest is the fact

that the model accounts for these changes in performance in

56
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terms of changes in the relative salience of perceptual

I d i m e n s io n s  ra t h e r  than in terms of c hanges in the s t r u c t u r e

I 
of the pe rceptual space. In the model , a g i ven  s t i m u l u s  is

assumed t o  have a f i x e d  loca t ion in the perceptua l  s p a c e ,

regardless of changing stimulus context.

The MDS/Decis ion— Mode l A pproach as an Aid in

I Predictin g Identi fi cation Performance

I A new , p a r t ic u l a r  id e n t i f i ca t i on t a s k  ar is es

wh enever new signals com e under study. New signals are

I studied when new sources , sensors , settings , or displays are

di scovered , d e f i n e d , or devised . Examples are replete i n

med i ca l  d i a g n o s i s , non destructive testing of material s and

I 
equ ip m e n t , m i l ita r y  s u r v e i lla n c e , a n a l ys is of  b i o log ica l

m i c r o st r u c t u r e s , on’ study of the perceptually handicapped .

I Our experiments enhance the p o s s ib i l i t y  that  the present

I 
approach can be used to gain understanding a b o u t  , a n d

p red ict b e h a v i o r  i n , any part icular identification -u task .

I Gaining understanding about a new set of signals , in

this contex t , means isolating t he  p e r c e p t u a l  d im e n s i o n s  t h a t

I a re  u s e f u l , and assigning the proper saliences to those

I dimensions. The practical import of the approach described

here is that perceptual dimensions can be isolated quit e

I simpl y and quickly. We suspect that observers can he

I 
economically trained to use the useful dimensions , a n d  t o

II
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use them a p p r o x i m a t e l y  w i t h  we igh ts  that max imize the

proba b i l i t y  of correct identifica tions.

We have po inted out that our application of an MDS

pr oc ed u r e  to our t h r e e  t est o b s e r v e r s  d id not  de f i ne a l l  of

the dimensions that were found useful in the identification

task , but that the additional dimension in question

(periodic ity l did appear in the four—di mensional MDS

so lu t ion  y i e l d e d  by 1 Lb o t her  judges , some of whom had more

gene ral experience with signals of the sort used than the

t h r e e  ob s e r v e r s .  In e x a m i n i ng a new id e n t i f i c at i on t ask ,

one m ight do well to employ a rather large number of judges ,

hav ing expertise w i th the general class of signals in

ques t i on , and examine carefully the MDS solutions of larger

d imensional it y.

An alte rnative might be to ask the judges in the MPS

t a s k  to r a t e  the  “c o n f u s~ bi l ity ” of the  st im u l u s  pa i r s , w i t h

t h e  id e n t i f ica t ion t a sk  i n the i r m i n d s , r a t h e r  t h a n  s ti m u l u s

similarity. Our three test observers might have yielded the

add i t i o n a l  u s e f u l  d i m e n s i on ( p e r i odi c i t y l u n d e r  such

instruct ions. Though our present experiments were

cons t r a i ned b y our  i n t e r e s t  i n va l i d a t i n g  MD S p r o c e d u r e s  a s

the y are usually applied , MDS tasks undertaken specific -ally

to analyze new sets of s ig n a l s  m ig h t  p o s s i b l y  be ad ju s t e d i n

th is manner to make them maximally useful .

i 
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